Abstract. An invasive freshwater shrimp of the genus Neocaridina Kubo, 1938 (Decapoda: Caridea: Atyidae) was collected from the Tomoe River of the Boso Peninsula, Tateyama City, Chiba Prefecture, eastern Japan. We compared the morphological characteristics and mitochondrial DNA sequence variation of the specimens with those of other Neocaridina species. In particular, we assessed the mitochondrial DNA region encoding the NADH dehydrogenase subunit 2 [ND2] gene and the region encoding the NADH dehydrogenase subunit 5 [ND5] gene. Our specimens are most likely to be Neocaridina davidi (Bouvier, 1904) , a species native to mainland China. This species may have entered Japan through intentional disposal or accidental escape from aquaria.
Introduction
In the freshwater shrimp genus Neocaridina Kubo, 1938 (Decapoda: Caridea: Atyidae) , 30 species and subspecies have so far been reported (De Grave & Fransen, 2011) . All known species are landlocked (Hayashi, 2007; Asakura, 2011) . Of these, 4 species have been reported to occur in Japan (Kubo, 1938 (Kubo, , 1941 Hayashi, 2007; Suzuki & Naruse, 2011) . Among them, 3 species are distributed in the Ryukyu Islands (Kubo, 1941; Hayashi, 2007; Suzuki & Naruse, 2011) namely, N. ishigakiensis (Fujino & Shokita, 1975) , N. iriomotensis Naruse, Shokita & Cai, 2006 , and Neocaridina sp. in . The fourth species, N. denticulata (De Haan, 1844) , is distributed in Kyushu, Shikoku, and western Honshu (Kubo, 1938; Kamita, 1970; Suzuki & Sato, 1994; Hamano et al., 2000; Hayashi, 2007; Suzuki & Naruse, 2011) .
In recent years, Fujita et al. (2011) reported that the Chinese Neocaridina shrimp, N. davidi (as Neocaridina denticulata sinensis in the original paper) invaded rivers in western Japan.
To date, no Neocaridina species are naturally distributed in eastern Japan, including the present study area of the Boso Peninsula. However, species of Neocaridina have recently been reported from eastern Japan (Yoshino & Ogano, 2007; Hasegawa et al., 2015) . Here, we report the finding of an alien freshwater shrimp of the genus Neocaridina in the Tomoe River of the Boso Peninsula, Tateyama City, Chiba Prefecture, eastern Japan. We conducted a taxonomic study of the collected specimens based on morphological characteristics and mitochondrial DNA sequence variations.
Materials and methods

Materials examined
Fifteen males, carapace length (from postorbital margin to posterior margin of carapace)
Crustacean Research 46 4.44-5.40 mm, coll. Mitsukazu Mitsugi, CBM-ZC 13472-13486; fifteen females, carapace length 4.14-7.60 mm, coll. Mitsukazu Mitsugi, CBM-ZC 13487-13501; Tomoe River (ca. 9.2 km in length), Tateyama City, Boso Peninsula, eastern Japan; September 22, 2013; hand net. Twenty specimens (for DNA analysis), coll. Mitsukazu Mitsugi, CBM-ZC 13506-13525; Tomoe River (ca. 9.2 km in length), Tateyama City, Boso Peninsula, eastern Japan; July 8, 2014; hand net.
Methods
The sampled specimens were fixed and preserved in 70%-80% ethanol. Observations, drawings, and measurements of morphological characteristics and eggs were made using a stereomicroscope (Leica Microsystems, Wetzlar, Germany; M50) that was equipped with a drawing tube and an eyepiece micrometer. Measurements of morphological characteristics were based on 15 males and 15 females. Five eggs from each of 8 ovigerous females were measured.
Total DNA was isolated from the muscle tissue of the abdomen using the FTA Kit (GE Healthcare UK Ltd, Little Chalfont, England). The region encoding the NADH dehydrogenase subunit 2 (ND2) gene and the region encoding the NADH dehydrogenase subunit 5 (ND5) gene were amplified with polymerase chain reaction (PCR).
The primers of ND2 were ND2F-Neoden (5′-GTTTAYGYGGTTGTTTCCTCTTCAG-3′) and ND2R-Neoden (5′-CTCTTATRG-GAAACTTTGAAGGCTAC-3′) (Fujita et al., 2011) . PCR of the ND2 was carried out on a thermal cycler (Applied Biosystems, Waltham, United States; 2720) using the stated primers with an initial denaturation step for 10 min at 95°C, 35 cycles of the denaturation step for 30 s at 94°C, an annealing step for 30 s at 55°C, an extension step for 30 s at 72°C, and a final extension for 7 min at 72°C. The region encoding the NADH dehydrogenase subunit 5 (ND5) gene was amplified via PCR using the primers ND5F-Atydae (5′-CCCCCTATTATYCG-GATATCCTG-3′) and ND5R-Atydae (5′-GCGGCTATAACTAARAGRGC-3′) (Fujita et al., 2011) . PCR of ND5 was carried out on a thermal cycler (Takara Bio, Kusatsu, Japan; TP650) using the stated primers with an initial denaturation step for 10 min at 95°C, 35 cycles of the denaturation step for 30 s at 94°C, an annealing step for 30 s at 50°C, an extension step for 30 s at 72°C, and a final extension for 7 min at 72°C.
The PCR products were purified with an Agencourt AMPure XP Kit (Beckman Coulter, Brea, United States). The purified PCR products were sequenced with BigDye Terminator ver. 3.1 Cycle Sequencing Kit and 3730xl DNA Analyzer (Applied Biosystems, Waltham, United States) using forward and reverse primers.
Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 6 (Tamura et al., 2013) . We generated 661 bp of ND2 (337 bp) ND5 (324 bp) datasets. We also used DNA data of Neocaridina species from 6 rivers in Japan deposited in the DNA DataBank of Japan (DDBJ), (Accession Number AB524916-AB524940 for ND2 and AB524941-AB524963 for ND5) (Fujita et al., 2011) . The best fit model selected by MEGA version 6 was Tamura-Nei with a gamma distribution (TN93 G) (Γ 0.2603). We generated an unrooted tree based on the neighbor-joining (NJ) method using TN93 G with 1000 bootstrap values.
Morphological terminology and rostral formula followed Englund & Cai (1999) and Shih & Cai (2007) . Voucher specimens were deposited in the Natural History Museum and Institute, Chiba, Japan (CBM). DNA sequences of our specimens were deposited in the DDBJ database (Accession Number LC121796-LC121815 for ND2 and LC121776-LC121795 for ND5).
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Results
Family Atydae de Haan, 1849
Neocaridina Kubo, 1938 Neocaridina davidi (Bouvier, 1904) ( Figs. 1-3) Caridina denticulata Doflein, 1902: 632; Balss, 1914: 24; Bouvier, 1925, 234, figs. 533-537; Yu, 1938: 276; Liang et Yan, 1985: 196; Hung et al., 1993: 501, fig. 14. Caridina davidi Bouvier, 1904: 134 . Caridina denticulata sinensis Kemp, 1918: 287, fig. 11 ; Ueno, 1935: 270, figs. a-g. Neocaridina denticulata sinensis Kubo, 1938, 74, fig. 7 (N-U), fig. 10 
Description
Rostrum straight, not reaching to (11/15 specimens) or slightly beyond (4/15 specimens) distal end of third segment of antennular peduncle in male, reaching to (5/15 specimens) or well beyond (10/15 specimens) distal end of third segment of antennular peduncle in female. Rostral formula 2-5 (mode 3) 11-24 (mode 16)/1-13 (mode 6). Inferior orbital angle of carapace fused with antennal spine; pterygostomial angle rectangular with tiny spine.
Eyes well developed. First pereiopod reaching beyond proximal end of basal segment of antennular peduncle; chela 1.78-2.47 (average 2.13) times as long as broad; fingers 0.84-1.24 (average 1.03) times as long as palm; tip of chela and fingers brushlike; carpus short, stout, 1.26-1.89 (average 1.58) times as long as high in male, 1.35-1.75 (average 1.48) times as long as high in female, 1.16-1.57 (average 1.35) times as long as palm in male, 1.16-1.47 (average 1.33) times as long as palm in female; anterior carpus margin deeply excavate; merus stout, 0.93-1.27 (average 1.11) as long as carpus, 2.00-2.92 (average 2.47) times as long as wide.
Second pereiopod slender, reaching beyond distal end of basal segment of antennular peduncle; chela 2.20-3.50 (average 2.65) times as long as broad; fingers 1.10-1.74 (average 1.45) times as long as palm in male, 1.22-1.65 (average 1.44) times as long as palm in female; tip of chela and fingers brush-like; carpus 1.02-1.37 (average 1.24) times as long as chela, 3.75-5.45 (average 4.58) times as long as high; merus 1.04-1.27 (average 1.16) times as long as chela.
Third pereiopod reaching beyond distal end of third segment of antennular peduncle; dactylus terminating in 2 stout incurved claws in male, 2 incurved claws in female, 5-7 (mode 6) accessory spines on flexor margin in male and female; propodus stout, incurved in male, nearly straight in female, numerous spinules on posterior margin, 6.27-8.20 (average 7.19) times as long as broad in male, 6.85-9.50 (average 8.17) times as long as broad in female, 2.45-3.04 (average 2.70) times as long as dactylus (terminal spine included) in male, 2.56-3.30 (average 2.98) times as long as dactylus (terminal spine included) in female; carpus stout in male, slender in female, 1 stout spine on posterior margin in male and female; merus stout, 2-4 (mode 3) stout spine on posterior margin.
Fifth pereiopod reaching beyond distal end of second segment of antennular peduncle; dactylus terminating in 1 slender incurved claw, 40-71 (average 55) denticulate spines on flexor margin in male, 51-79 (average 66)
Crustacean Research 46 Crustacean Research 46 Crustacean Research 46 spines in female; propodus slightly incurved in male, slender and straight in female, numerous spinules on posterior margin, 8.20-11.20 (average 9.17) times as long as broad in male, 8.15-11.71 (average 9.79) times as long as broad in female, 2.43-2.91 (average 2.70) times as long as dactylus in male, 2.36-3.29 (average 2.65) times as long as dactylus in female; carpus 1 stout spine on posterior margin; merus 1-3 (mode 3 in male, 2 in female) stout spines on posterior margin.
Endopod of the male first pleopod extending to 0.60-0.82 (average 0.72) times exopod length, oval, 1.14-1.67 (average 1.37) times as long as broad, numerous tiny spinules on dorsal surface; appendix interna of the male first pleopod slender, at base of enlarged part.
Appendix masculina of male second pleopod inflated, kidney-shaped, 0.54-0.73 (average 0.61) times as long as endopod, inner and distal surface densely lined with long stout spines; appendix interna of the male second pleopod cylinder-shaped, at base of appendix masculina.
Uropodal diaeresis with 10-16 (mode 12) spinules.
Telson ending in median projection in most specimens, 4 to 6 pairs of dorsal spinules, but asymmetrical in some specimens, one pair of dorsolateral spinules near distal end, 4 to 5 (mode 4) pairs of spines on distal margin.
Non-eyed eggs 0.95-1.05 (average 1.01) 0.58-0.70 (average 0.63) mm in size; eyed eggs 0.95-1.08 (average 1.02) 0.65-0.75 (average 0.69) mm in size.
Color
The body color was varied. The carapace and abdomen were translucent light brown, with dark brown stripes and speckles being present or absent (Fig. 4A) . The carapace and abdomen were deep green, with a pale yellow longitudinal band on the dorsal surface. The carapace and abdomen were red-brown, with a pale yellow longitudinal band on the dorsal surface and speckles ( Fig. 4B-C) .
The body color became lighter over time in captivity, becoming translucent light brown (with or without dark brown stripes and speckles), with or without a pale yellow longitudinal band on the dorsal surface.
Habitat
The specimens from the Tomoe River inhabited a shallow area (water depth about 20 cm) where the emergent plant Typha latifolia Linne, 1753 flourished. Native freshwater shrimp Paratya compressa (De Haan, 1849) and Palaemon paucidens De Haan, 1844 were sympatrically collected, but they were fewer numbers. The ornamental carp fish (Nishikigoi) Cyprinus carpio (Linne, 1758) was frequently found.
DNA analysis
The NJ tree constructed from our data and deposited data in the DDBJ (Fujita et al., 2011) consisted of 5 clades (Fig. 5) . General shape of the tree was the same as that in Fujita et al. (2011) . Our data distinguished four haplotypes, although the diversity of the haplotypes was very low. All of our haplotypes were classified as Clade 5 with a probability of 100%. Clade 5 consists of haplotypes from Gono River in Shimane Prefecture, Kako River in Hyogo Prefecture, Saba River in Yamaguchi Prefecture, and Tomoe River in Chiba Prefecture. One haplotype of our data was completely consistent with one haplotype from Kako River.
Morphology
The morphological characteristics of our specimens were similar to those of Neocaridina davidi, Neocaridina denticulata, and Neocaridina heteropoda koreana Kubo, 1938 . We compared in detail the morphological characteristics of our specimens with these three species (Table 1 ). It was shown that our specimens and N. denticulata, distributed in western Japan, were distinguished by the rostrum length (not reaching to or slightly beyond the distal end of the third segment of the antennular peduncle in males, reaching to or reaching beyond the distal end of the third segment in females vs. reaching beyond the distal end of the third segment of the antennular peduncle in N. denticulata) and the length of the propodus of the third pereiopod (incurved in males than females vs. slightly incurved, same shape in male and female in N. denticulata).
Our specimens and N. heteropoda koreana were distinguished by finger / palm length ratio of the second pereiopod (1.10-1.74 times vs. 1.1 times in N. heteropoda koreana) and the endopod of the male s first pleopod (1.14-1.67 times as long as broad vs. 1.7-1.9 times in N. heteropoda koreana).
The morphological characteristics of our specimens were most closely matched to N. davidi, which is native to mainland China. Fujita et al. (2011) examined mitochondrial DNA sequence variation in the regions extending from the NADH dehydrogenase subunit 2 gene to the tryptophan transfer RNA gene and the region encoding the NADH dehydrogenase subunit 5 gene (ND2-tRNA Trp ND5) Fig. 5 . Unrooted NJ tree for Neocaridina davidi and Neocaridina denticulata based on partial sequences of ND2 ND5. Scores as percentages of 1000 bootstraps. One symbol indicates one haplotype.
Discussion
: Tomoe River, Chiba Prefecture (This study).
: Isazu River, Kyoto Prefecture (Fujita et al. 2011) . : Gono River, Shimane Prefecture (Fujita et al. 2011) .
: Yukinoura River, Nagasaki Prefecture (Fujita et al. 2011) . : Saba River, Yamaguchi Prefecture (Fujita et al. 2011) . : Kako River, Hyogo Prefecture (Fujita et al. 2011) .
: Niyodo River, Kochi Prefecture (Fujita et al. 2011) . Reference This study Cai (1996) Cai (1996) Englund & Cai (1999) Liang (2004) Klotz et al. (2013) Liang (2004) Liang ( *Neocaridina denticulata sinensis in original paper. **Neocaridina denticulata davidi in original paper. ***Neocaridina heteropoda heteropoda in original paper. ****Neocaridina denticulata denticulata in original paper.
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of Neocaridina species from 6 rivers in western Japan. They were divided into 5 clades based on ND2-tRNA Trp ND5. Furthermore, Fujita et al. (2011) compared mitochondrial DNA sequence variation in the region encoding cytochrome oxidase subunit I (COI) of specimens that compose 5 clades with known species of Neocaridina. As a result, they identified Clade 1-4 as N. denticulata and Clade 5 as N. davidi. The results of our analysis were the same as Fujita et al. (2011) . That is, our specimens were classified into 5 clades, and the population composing each clade was nearly identical. All of our specimens were classified as being in Clade 5. Therefore, mitochondrial DNA sequence variations supported the conclusion that our specimens are N. davidi. Fujita et al. (2011) reported that N. denticulata has high genetic diversity, with 4 distinct clades that roughly correspond to the local Japanese populations (Clade 1-4). In contrast, Clade 5 contained specimens with low genetic diversity, despite containing several populations from geographically separated rivers. This fact shows that the invasion and spread of N. davidi into Japan occurred in a short period.
Neocaridina species do not have a natural distribution in eastern Japan, including the study area (Kamita, 1970; Suzuki & Sato, 1994; Hamano et al., 2000; Hayashi, 2007; Suzuki & Naruse, 2011) . All known Neocaridina species are landlocked, and exhibit direct development, i.e., they hatch at the post larval stage, and do not have a planktonic larval stage (Hayashi, 2007; Asakura, 2011) . Thus, the distribution area of Neocaridina species cannot expand via the sea. Englund & Cai (1999) suggested that N. davidi (as N. denticulata sinensis in the original paper) that invaded Oahu Island in Hawaii had escaped or been released from aquaria. Klotz et al. (2013) reported that N. davidi is a highly popular ornamental shrimp species in Germany. We observed that the habitat occupied by our specimens is also occupied by the ornamental carp fish (Nishiki-goi) Cyprinus carpio (Linne, 1758). Thus, it is possible that N. davidi invaded the Tomoe River through intentional disposal or accidental escape from aquaria, similar to those observed for C. carpio, such as intentional disposal or accidental escape from aquaria. Englund & Cai (1999) suggest that the invasion of N. davidi in Hawaii may have negative impacts on the native freshwater shrimp Atyoida bisulcata Randall, 1840. Hasegawa et al. (2015) reported that the invasion of Neocaridina spp. in Miyagi Prefecture (Japan) results in competition for habitats with, and negatively affects, the native freshwater shrimp, Paratya improvisa (Kemp, 1917) . Some species of Neocaridina have been imported from China and Korea to Japan as fishing bait and an aquarium pet animal since the late 1960s (Niwa, 2010) . Neocaridina davidi have already spread widely into Japan. Therefore, it is necessary to determine the distribution of N. davidi in Japan, including its effect on native freshwater shrimp.
